Helium displacement and nitrogen adsorption techniques were used to determine the density and porosity, respectively, of freeze-dried cell walls isolated from Bacillus megaterium KM and Saccharomyces cerevisiae. The densities were 1.302 and 1.180 g/cm3, respectively, suggesting noncrystalline solids. The porosities were extremely small, indicating that the cell walls had collapsed and become essentially impervious upon lyophilization.
The role of water as a structure-forming element in cell walls of gram-positive microorganisms is not understood. Water plays only a very small role in molecular models ofbacterial cell walls (11, 14, 19) and in proposed structures of the even more complex yeast (Saccharomyces) wall (8) .
Relatively high permeabilities and porosities, water contents of 68 and 92% (wt/wt), and densities of 1.16 and 1.10 g/cm3 characterize the wet cell walls of Saccharomyces cerevisiae and Bacillus megaterium, respectively (12, 25, 26) . A lower density (1.04 g/cm3) of B. megaterium cell walls has also been reported (16) . Waterwet spores of Bacillus cereus are even more porous than vegetative cells (24) ; however, after lyophilization, they become impervious even to small molecules (3). The spores apparently collapse upon drying, and considerable porosity is preserved in dry spores if water is removed by solvent substitution (18) .
Since there are no data for freeze-dried cell walls similar to those for dried spores and since w;all models are partly based on physical-chemical evidence obtained with dried preparations (11) , we were prompted to analyze the physical properties of lyophilized cell walls in an attempt to elucidate further the structure of cell walls isolated from two gram-positive microorganisms.
Cell walls of S. cerevisiae (Fleischmann's bakers' yeast) and B. megaterium (strain KM) were isolated, purified, and washed as de- ' scribed previously (12, 25) . After lyophilization (freezing in an ethanol-dry ice bath and subsequent ice sublimation), the dried cell walls were degassed at room temperature (3). The volume of helium displaced by degassed dried cell walls (1.5-g sample) was measured at 250C in a volumetric adsorption apparatus (3, 4) . Wall density was obtained by dividing the weight of the wall sample by the volume of helium it displaced (4) . The amount of nitrogen adsorbed by degassed dried cell walls (0.5147 and 0.7236 g of bacterial and yeast walls, respectively) held at -195°C under various nitrogen pressures was determined by standard procedures (20) in the same volumetric adsorption apparatus. Specific surface areas computed from the multilayer adsorption theory of Brunauer, Emmett, and Teller (BET; 7), pore volumes calculated as percentage of the total volume of dried walls by the method of Ries (23), mean pore radii determined according to Emmett and DeWitt (10) , and differential pore volumes taken from Pierce's (21) tabulations were all derived from the nitrogen adsorption data at
Dried cell walls of B. megaterium, which contain mostly sodium as their common cation (Scherrer, Thomas, and Millard, manuscript in preparation), had a density of 1.302 g/cm3 (Table 1). Published densities of cell wall components are all much higher: purified peptidoglycan of the same type as in B. megaterium has a buoyant isopycnic density of 1.45 g/cm3 (11) ; crystalline N-acetylglucosamine and N-acetylmuramic acid have densities of 1.55 and 1.38 g/ cm3, respectively (13, 15) ; and densities of dried amino acids vary from 1.37 g/cm3 for alanine to 1.566 g/cm3 for glutamic acid (5) . Theoretical (27) . The discrepancy between the determined dry density of the B. megaterium cell wall (1.302 g/cm3) and the computed or experimentally determined densities for teichoic acids and peptidoglycan (1.40 to 1.49 g/cm3) could indicate a lack of closest packing, a low degree of crystallinity, and even the possibility ofvoids (spaces inaccessible to helium within the dried walls). Closest packing of macromolecules, both linear (teichoic acids) and especially crosslinked (peptidoglycan) in a system as complex as a drying cell wall, is probably impossible to achieve. X-ray powder diagrams also fail to show long-range ordering in walls of gram-positive bacteria (1), although some ordering in the glycan chains of peptidoglycan was suggested in different preparations (11) . Refractometric analysis also favors a noncrystalline cell wall structure (17) . In contrast, theoretical models of the bacterial cell wall structure have assumed close-packing, long-range ordering and high degrees of crystallinity of the wall biopolymers (11, 14, 19 ).
An identical rationale can be. used for yeast cell walls. Their dry density of 1.180 g/cm3 (Table 1) was much lower than that of proteins (1.30 to 1.35 g/cm3) and especially polysaccharides (1.35 to 1.55 g/cm3) (see densities compiled in references 11 and 17), indicating the absence of closest packing, a low degree of crystallinity, and the possibility of voids in the lyophilized S. cerevisiae cell walls.
Adsorption isotherms (Fig. 1) , constructed from low-temperature nitrogen adsorption data for degassed dry cell walls, were free of hysteresis and corresponded to a type II isotherm as classified by Brunauer et al. (6) . The shape and reversiblity of the isotherms indicated adsorption on relatively smooth surfaces having little or no fine porosity and capable of unlimited multilayer adsorption (6, 7) .
BET surface areas (Table 1 ) agreed in order of magnitude with the outside geometrical surface area of the cell walls calculated from electron micrographs.
Total surface pore volumes of the dried cell walls were low (Table 1) . Mean pore radii (12.48 and 35.13 nm for the bacterial and yeast walls, respectively) were artificially high because of the presence of interparticle condensation (liquefaction of nitrogen at -195°C between the cell wall particles at higher relative pressure; see 3 and 22) . Pore size analyses indicated that only 5 to 6% of all pores had radii of less than 5 nm. The majority of pores had radii of more than 30 nm, corresponding to interparticle condensation (Fig. 2) .
The absence of surface pores, the low surface area, and the relatively high density of dried cell walls suggest that upon lyophilization the cell wall collapses in a rather unorderly fashion into impervious and possibly amorphous forms. Similar findings have been observed in systems of quite different composition and structure: isolated proteins (2) and, as already mentioned, intact spores (3, 18). A density of 1.302 g/cm3 for dried B. megaterium cell walls corresponds to a wall volume of 0.77 cm3/g (dry weight). In aqueous suspension, wet cell walls of the same species have a density of 1.04 to 1.10 g/cm3 (12, 16) and occupy a volume of 10.1 cm3/g (dry weight) (17) . This volume difference is obviously due to water. Water probably expands and swells the biopolymeric matrix of the cell wall. Yeast cell walls could behave in the same manner, although there are no similar experimental data.
Conclusions pertaining to the physical structure of biological macromolecular systems in their natural state, drawn from studies with lyophilized or otherwise dried preparations, should be modified to allow for the major role water plays in fully hydrated systems.
